Previous studies into the relation between human consumption and indirect water resources use have unveiled the remote connections in virtual water (VW) trade networks, which show how communities externalize their water footprint (WF) to places far beyond their own region, but little has been done to understand variability in time. This study quantifies the effect of inter-annual variability of consumption, production, trade and climate on WF and VW trade, using China over the period 1978e2008 as a case study. Evapotranspiration, crop yields and green and blue WFs of crops are estimated at a 5 Â 5 arcminute resolution for 22 crops, for each year in the study period, thus accounting for climate variability. The results show that crop yield improvements during the study period helped to reduce the national average WF of crop consumption per capita by 23%, with a decreasing contribution to the total from cereals and increasing contribution from oil crops. The total consumptive WFs of national crop consumption and crop production, however, grew by 6% and 7%, respectively. By 2008, 28% of total water consumption in crop fields in China served the production of crops for export to other regions and, on average, 35% of the crop-related WF of a Chinese consumer was outside its own province. Historically, the net VW within China was from the water-rich South to the water-scarce North, but intensifying North-toSouth crop trade reversed the net VW flow since 2000, which amounted 6% of North's WF of crop production in 2008. South China thus gradually became dependent on food supply from the water-scarce North. Besides, during the whole study period, China's domestic inter-regional VW flows went dominantly from areas with a relatively large to areas with a relatively small blue WF per unit of crop, which in 2008 resulted in a trade-related blue water loss of 7% of the national total blue WF of crop production. The case of China shows that domestic trade, as governed by economics and governmental policies rather than by regional differences in water endowments, determines inter-regional water dependencies and may worsen rather than relieve the water scarcity in a country.
Introduction
Since the beginning of this millennium the body of scientific literature on water footprint and virtual water trade assessment is expanding exponentially, as witnessed by the number of papers published on the topic in Web of Science. The water footprint (WF), as a multi-dimensional measure of freshwater used both directly and indirectly by a producer or a consumer, enables to analyse the link between human consumption and the appropriation of water to produce the products consumed (Hoekstra, 2013) . The consumptive WF of producing a crop includes a green and blue component, referring to consumption of rainfall and irrigation water respectively, thus enabling the broadening of perspective on water resources as proposed by Falkenmark and Rockstr€ om (2004) . The consumptive WF is distinguished from the degradative WF, the so-called grey WF, which represents the volume of water required to assimilate pollutants entering freshwater bodies. The WF of human consumption within a certain geographic area consists of an internal WF, referring to the WF within the area itself for making products that are consumed within the area, and an external WF, referring to the WF in other areas for making products imported by and consumed within the geographic area considered . Thus, trade in water-intensive commodities like crops results into so-called virtual water (VW) flows between exporting and importing regions (Hoekstra, 2003) . Crop trade saves water resources for an administrative region if it imports water-intensive crops instead of producing them domestically . WF and VW trade studies have been carried out for geographies at different scales, from the city to the globe . Despite the vast body of literature, little attention has been paid to the annual variability and longterm changes of WFs and VW flows as a result of climate variability and structural changes in the economy. Most work thus far focussed on employing different models and techniques to assess WFs and VW flows, considering a specific year or short period of years. The effects of long-term changes in spatial patterns of production, consumption, trade and climate on WFs and VW flows have hardly been studied. This is paramount, though, for understanding how human pressure on water resources develops over time and how changing trade patterns influence inter-regional water dependencies.
The objective of the current study is to quantify the effect of inter-annual variability of consumption, production, trade and climate on crop-related green and blue WFs and inter-regional VW trade, using China over the period 1978e2008 as a case study. First, we assess the historical development of the green and blue WFs related to crop consumption in China, per province. Second, we estimate, accounting for the climate variability within the period considered, the green and blue WFs related to crop production, at a 5 Â 5 arc-minute resolution, year by year, crop by crop. Third, we quantify the annual inter-regional VW flows based on provincial crop trade balances for each crop. Finally, we estimate national water savings as a result of international and inter-regional crop trade. We consider twenty-two primary crops (Table 3) , which covered 83% of national crop harvested area in (NBSC, 2013 and 97% and 78% of the total blue and green WF of Chinese crop production in the period 1996e2005, respectively . In this study we exclude the grey WF of crops because of our focus on inter-annual variability and the fact that variability in climate plays a role particularly in estimating green and blue WFs, not in estimating grey WFs. We focus on the direct green and blue WF of crop growing in the field, thus excluding the indirect WF of other inputs into crop production, like the WF of machineries and energy used. The study area is Mainland China, which consists of 31 provinces and can be grouped into eight regions ( Fig. 1) .
China is facing severe water scarcity (Jiang, 2009) . Since the economic reforms in 1978, the Chinese people consume increasing levels of oil crops, sugar crops, vegetables and fruits (Liu and Savenije, 2008) . Chinese crop consumption per capita rose by a factor 2.1 over the period 1978e2008 (FAO, 2014) , while China's population grew from 0.96 to 1.31 billion (NBSC, 2013) . In order to meet the increasing food demand, China's crop production grew by a factor 2.8 from 1978 (FAO, 2014 , with an increase of only 4% in total harvested area, but a 31% growth in irrigated area. The expansion of the irrigated area occurred mainly (77%) in the waterscarce North, which now has 51% of the national arable land, but only 19% of the national blue water resources (Wu et al., 2010; Zhang et al., 2009) . Agriculture is the biggest water user in China, responsible for 63% of national total blue water withdrawals (MWR, 2014) and 88% of the total WF within China . Currently, the Yellow River basin in the North suffers moderate to severe blue water scarcity during seven months of the year, mostly driven by agricultural water use (Zhuo et al., 2016) . The Yongding He Basin in northern China, a densely populated basin serving water to Beijing, faces severe water scarcity all year long . It is estimated that about 64% of China's total population, mainly from the North, regularly faces severe blue water scarcity . The competition between different sectors over water resources has become severe (Zhu et al., 2013) , which has led to the adoption of the No. 1 Document by the State Council of China (SCPRC, 2010) , announcing a four trillion CNY (~US$600 billion) investment over ten years to guarantee water supplies through the improvement of water supply infrastructure. This includes the construction of new reservoirs, drilling of wells, and implementation of inter-basin water transfer projects (Gong et al., 2011; Yu, 2011) , as well as targets to increase water productivity.
Today, China is the country with the largest WF related to crop consumption and the second largest WF related to crop production . Furthermore, China has substantive VW import through crop imports (Dalin et al., 2014) . At present, net VW trade through crop trade is from the drier North to the wetter South (Ma et al., 2006; Cao et al., 2011) . In 2005, China's domestic food trade resulted in national net water saving overall, but a net loss of blue water (Dalin et al., 2014) , as a result of differences in WF of crops (m 3 t
À1
) among trading provinces .
There have been quite a number of previous studies on the WF of Chinese crop consumption (Hoekstra and Chapagain, 2007, 2008; Liu and Savenije, 2008; Mekonnen and Hoekstra, 2011; Ge et al., 2011; Cao et al., 2015) , the WF of Chinese crop production (Hoekstra and Chapagain, 2007, 2008; Siebert and D€ oll, 2010; Liu and Yang, 2010; Fader et al., 2010; Mekonnen and Hoekstra, 2011; Ge et al., 2011; Cao et al., 2014a,b) , on China's international VW imports and exports associated with crop trade (Hoekstra and Hung, 2005; Hoekstra and Chapagain, 2007, 2008; Liu et al., 2007; Fader et al., 2011; Dalin et al., 2012; Chen and Chen, 2013; Shi et al., 2014) and on VW trade flows within China (Ma et al., 2006; Guan and Hubacek, 2007; Wu et al., 2010; 2011; Han and Sun, 2013; Sun et al., 2013; Dalin et al., 2014; Feng et al., 2014; Wang et al., 2014; Zhang and Anadon, 2014; Zhao and Chen, 2014; Fang and Chen, 2015; Jiang et al., 2015; Zhao et al., 2015) . Despite all those studies, analyses of inter-annual variability and long-term changes in spatial WF and VW trade patterns are rare, not only in studies for China but in general. While in another paper (Zhuo et al., 2016) we show the inter-annual variations in WFs of crop production as well as inter-annual variation of blue water scarcity (with a focus on the Yellow River basin), in the current study we also consider inter-annual variability in WFs of crop consumption and in inter-regional and international VW trade (for China as a whole).
Method and data
The annual green and blue WFs of crop consumption (in m 3 y À1 )
were estimated per crop per year at provincial level based on the bottom-up approach National averages are calculated weighing the WFs of domestically produced and imported crops.
green and blue ET was carried out by tracking the daily green and blue soil water balances based on the contribution of rainfall and irrigation, respectively, following Chukalla et al. (2015) and Zhuo et al. (2016) . Inter-regional VW flows (m 3 y À1 ) related to crop trade were calculated per year by multiplying the inter-regional crop trade flows (t y
À1
) with the WF of the crop (m 3 t
) in the exporting region. Since inter-regional crop trade statistics are not available, we took the following steps:
1) The provincial crop trade balance or net import of a crop (t y À1 )
was estimated as the total provincial crop utilization minus the provincial crop production. The national use of a crop for direct and manufactured food as given by FAO (2014) was distributed over the provinces based on provincial populations. The national use of a crop for feed was distributed over provinces proportional to the national livestock units (LU) per province. LU is a reference unit which facilitates the aggregation of different livestock types to a common unit, via the use of a 'livestock unit coefficient' obtained by converting the livestock body weight into the metabolic weight by an exchange ratio (FAO, 2005) . We used the livestock unit coefficients for East Asia from Chilonda and Otte (2006): 0.65 for cattle, 0.1 for sheep and goats, 0.25 for pigs, 0.5 for asses, 0.65 for horses, 0.6 for mules, 0.8 for camels, and 0.01 for chickens. Finally, we downscale national variations in crop stock to provincial level by assuming provincial stock variations proportional to the provincial share in national production. 2) We assume that international crop imports and exports relate to the provinces with deficit and surplus of the crop, respectively (following Ma et al., 2006 ). Further we assume that crop-deficit provinces primarily receive from crop-surplus provinces within the same region and subsequently e if insufficient surplus within the region itself e from other crop-surplus regions. 3) A crop-deficit region is assumed to import the crop preferentially from the crop-surplus region which has the highest agricultural export values to the crop-deficit region, according to the multi-regional inputeoutput tables of the agricultural sector for the years 1997 (SIC, 2005 . How source regions supply deficit regions is determined in a few subsequent rounds. The source regions per region per allocation round are listed in Table 1 . We assume that in each round the crop source regions supply crops to the deficit regions proportionally to their deficit.
The total crop-related net VW import (m 3 y À1 ) of a province is equal to the international net VW import plus the inter-regional net VW import of the province. The WFs (m 3 t À1 ) of crops imported from abroad were obtained from Mekonnen and Hoekstra (2011) , assuming constant green and blue WFs of imported crops per source country. The provincial net VW export related to a certain crop export is calculated by multiplying the net crop export volume (t y À1 ) with the WF (m 3 t
) of the crop in the province. Water savings through crop trade were estimated using the method of Chapagain et al. (2006) . The international crop traderelated water saving of a province (m 3 y À1 ) was calculated by multiplying the net international import volume of the province (t y À1 ) by the WF per tonne of the crop in the province (m 3 t À1 ). The inter-regional crop trade-related water saving was estimated similarly, by multiplying the net inter-regional import volume of ). If a specific crop is imported and not grown in the province itself at all, the national average WF per tonne of the crop was used. Overall trade-related water savings follow from the difference in the WF of a crop in the importing and exporting province . When calculated trade-related water savings are negative, we talk about trade-related 'water losses', which refer to cases whereby crops are traded from a region with relatively low water productivity to a region with relatively high water productivity.
The GIS polygon for Chinese provinces was obtained from NASMG (2010). Provincial population statistics over the study period and numbers of the different livestock types were obtained from NBSC (2013), and data on China's international trade per crop (in t y À1 ) from FAO (2014), and Data on monthly precipitation, reference evapotranspiration and temperature at 30 Â 30 arc minute resolution were take from Harris et al. (2014) . Fig. 2 shows the inter-annual variation of national average precipitation and reference evapotranspiration (ET 0 ) across China over the period 1978e2008. Data on irrigated and rain-fed areas for each crop at 5 Â 5 arc-minute resolution were taken from Portmann et al. (2010) . For crops not available in this source, we used Monfreda et al. (2008) . Harvested areas and yields for each crop were scaled per year to fit the annual agriculture statistics at province level obtained from NBSC (2013). For crops not reported in NBSC (2013), we used FAO (2014). Soil texture data were obtained from Dijkshoorn et al. (2008) . For hydraulic characteristics for each type of soil, the indicative values provided by AquaCrop were used. Data on total soil water capacity were obtained from Batjes (2012). Details on datasets used can be found in Table 2 .
Results

Water footprint of crop consumption
Over the study period 1978e2008, Chinese annual per capita consumption of the 22 considered crops has grown by a factor 1. (Fig. 4) Although the total consumption of the 22 considered crops doubled between 1978 and 2008, with 37% of population growth in China, the national WF related to crop consumption increased only by 6%, from 599 to 632 billion m 3 y À1 (Fig. 5) , thanks to the decline in the WF of crops (m 3 t À1 ). The share of North China in the total national consumptive WF of crop consumption decreased from 48 to 44% over the study period, amongst other driven by the slightly faster population growth in the South. At provincial level, Shanghai had the largest increase in the WF of crop consumption, a 2.3 times increase over the study period (from 4.6 to 10.5 billion m 3 y
À1
), followed by Beijing with a 2.0 times increase (from 4.4 to 8.6 billion m 3 y À1 ). This was mainly driven by the doubling of the population in these two megacities (from 11.0 to 21.4 million in Shanghai and from 8.7 to 17.7 million in Beijing).
Water footprint of crop production
The total green plus blue WF in China of producing the 22 crops considered increased over the period 1978e2008 by 7%, from 682 billion m 3 y À1 (23% of blue) to 730 billion m 3 y À1 (19% of blue) (Fig. 6 ), while total production of those crops grew by a factor 2.2. The relatively modest growth of the WF can be attributed to a significant decrease in the WFs per tonne of crop, which in turn result from an increase in crops yield. The national average WF of increase in cereal yield (from 2.9 to 5.6 t ha À1 ) (Fig. 7) . These findings correspond to long-term decreases in WFs per tonne found in a case study for the Yellow River basin by Zhuo et al. (2016) . Interannual climatic variability contributed to the fluctuations in consumptive WFs (m 3 t À1 ) over the years. When comparing the fluctuations in the average green and blue WFs of a cereal crop in China over the period 1978e2008 (as shown in Fig. 7) to the variations in annual precipitation and ET 0 over the same period (Fig. 2) , we find that the blue WF inversely relates to precipitation, and that the green and total consumptive WFs show a weak positive relation to ET 0 . In years with relatively large precipitation, the ratio of blue to total consumptive WF is generally smaller, a finding that could be expected because irrigation requirements will generally be less. The total harvested area of the considered crops increased by 16% in the North and decreased by 13% in the South. The harvested area and the total consumptive WF of crop production decreased in the provinces that have relatively high urbanization levels (Beijing, Tianjin, Shanghai, Chongqing, Zhejiang, Fujian, Hubei, and Guangdong) and are mostly located in the water-rich South. The most significant drop in the total consumptive WF of crop production (a 65% decrease) was in Shanghai and Zhejiang, with halved harvested areas. At the same time, the other provinces mostly located in the water-scarce North, experienced increases in the total consumptive WF of crop production. The most significant increase (fivefold) in the total consumptive WF was observed in Inner Mongolia, which is located in the semi-arid Northwest, where the harvested area expanded by a factor 3.5 and the irrigated area by a factor 2. The contribution of the water-scarce North to the WF of national crop production increased from 43% in 1978 to 51% in 2008 as a result of increasing cropping area in the North compared to the South and increased irrigation in the North (Fig. 6) . Fig. 8 shows the spatial distribution of the total consumptive WF (in mm y À1 ) of crop production, as well as the share of blue in the total, averaged over the period 1999e2008. Large total consumptive WFs correlate with large overall harvested areas and/or the production of relatively water-intensive crops, while a large share of blue WF in the total reflects the presence of intensive irrigated agriculture. In the semi-arid Northwest and North Coast, blue WF shares exceed 40%, with Xinjiang having the highest share (54%), followed by Hebei (43%) and Ningxia (35%). Cereals (wheat, maize, rice, sorghum, millet and barley) accounted for 74% of the overall consumptive WF of the 22 crops considered, 87% of the blue WF, and 71% of the green WF. More than half of the total blue WF within China was from rice fields (51%), followed by wheat (28%). Rice (32%) and wheat (20%) together also shared half of the total green WF. , we find that 28% of total water consumption in crop fields in China serves the production of crops for export to other regions. When we consider blue water consumption specifically, we find the same value of 28%. Further we find that, on average, in 2008, 35% of the crop-related WF of a Chinese consumer is outside its own province. For some provinces we find much larger external WFs in 2008: 92% for Tibet (83% in other provinces, 10% abroad), 88% for Beijing (68% in other provinces, 20% abroad) and 86% for Shanghai (66% in other provinces, 20% abroad).
Crop-related inter-regional virtual water flows in China
The estimated inter-regional trade of the crops considered increased by a factor 2.3 over the study period, but the sum of interregional VW trade flows increased only modestly due to the general decline in WFs per tonne of crops traded. Trade in rice is responsible for the largest component in the inter-regional VW trade flows, although its importance is declining: rice-trade related interregional VW flows contributed 48% to the total inter-regional VW flows in China in 1978, but 30% in 2008. More and more rice was transferred from the Central region, which has a relatively large WF per tonne of rice, to deficit regions. Rice production in Central accounted for 38% of total national rice production in 1978 and 44% in 2008. The South Coast became a net rice importer since 2005 due to its increased rice consumption (11% of national rice consumption in 2008) and reduced rice production (from 15% of national rice production in 1978 to 9% in 2008). Wheat-and maize-related interregional VW flows increased over the period 1978e2008 by 62% and 60%, respectively, due to the estimated increased inter-regional trade volumes of the two staple crops (from 9 to 36 million t y À1 for wheat, and from 17 to 51 million t y À1 for maize), driven by North China's increased share in national crop production but decreased share in national crop consumption. Historically, VW flows within China went from South to North, but over time the size of this flow declined and since the year 2000 the VW flow e related to the 22 crops studied here e goes from North to South (Fig. 10) . In 2008, the North-to-South VW flow is related to twelve of the twenty-two considered crops (wheat, maize, sorghum, millet, barley, soybean, cotton, sugar beet, groundnuts, sunflower seed, apples and grapes). Still, other crops, most prominently rice, go from South to North. The main driving factor of the reversed VW flow is the faster increase of production in the North and the faster increase of consumption in the South. By 2008, the crop-related net VW flow from North to South has reached 27 billion m 3 y
À1
, equal to 7% of the total consumptive WF of crop production in the North. . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) green VW trade separately, with positive balances reflecting net VW import and negative balances indicating net VW export. The figure also shows total, blue and green net VW flows between North and South and the international net VW flows towards the North and South. International net VW imports to both North and South increased. With regard to blue water, China was a net VW exporter to other countries in the 1978, which was mainly from the South and mostly related to rice exports. With the increased crop consumption of the Chinese population, China as a whole became a net blue VW importer in 1990 and remained since.
Over the whole study period, we find a blue VW flow from South to North. It is the green VW flow, and with that the total VW flow, that reversed direction in the study period. This is the first study that shows this, because previous studies didn't distinguish between the green and blue components in the VW flow between North and South. The reason for the continued blue VW flow from South to North is the continued trade of rice in this direction.
The provinces Zhejiang, Guangdong and Fujian, all located in the South, have changed from net VW exporters to net VW importers, in the years 1999, 1987 and 1981, respectively The inter-regional VW network related to crop trade has changed significantly over the study period (Fig. 12) . The Jing-Jin, Northwest, and Southwest regions were all-time net VW importers. The net VW import of Jing-Jin, where Beijing is located, from other regions has more than doubled, from 4.5 to 9.7 billion m 3 y
, which can be explained by the 84% growth of its population. Central was net VW exporter over the whole study period, with a net VW export increasing from 28 to 52 billion m 3 y
. East Coast and South Coast have changed from net VW exporter in 1978 to net VW importer in 2008, while North Coast reversed in the other direction. The direction of the net VW flow from South Coast to Northeast has been reversed during the study period due to a reversed direction of rice trade between the two regions. While Northeast shifted from a net importer of rice to a net exporter, the reverse happened in South Coast.
National water saving related to international and interregional crop trade
As shown in Fig. 13 In recent years, soybean plays the biggest role in the national water saving of China through international crop trade, which confirms earlier findings (Liu et al., 2007; Shi et al., 2014; Chapagain et al., 2006; Dalin et al., 2014) . We found that before 1997 the largest national water saving related to international trade was for wheat trade. In 2008, international trade of only four of the 22 crops considered (soybean, rapeseed, cotton and barley) resulted in national water saving for China. The international export of tea led to the greatest national water loss in 2008.
Most of the national water saving related to inter-regional crop trade in 2008 was due to trade in rapeseed, wheat and groundnuts. Due to the increasing inter-regional trade of rapeseed (from 0.8 million t y À1 in 1978 to 5 million t y À1 in 2008), the generated water saving increased by a factor 4.5 over the study period. The biggest contributor to the national water loss through interregional crop trade was rice, with a national water loss of 29 billion m 3 y À1 (11% of total consumptive WF of rice production) in 2008. Particularly inter-regional trade in rice and wheat led to blue water losses.
Discussion
We compared the national average WF of each crop (in m 3 t À1 )
as estimated in the current study with three previous studies that gave average values for different periods: Mekonnen and Hoekstra (2011 ) for 1996e2005, Liu et al. (2007 for 1999e2007 and Shi et al. (2014) A number of limitations should be taken into account when interpreting the results of this study. First, in simulating WFs of crops, a number of crop parameters, such as harvest index, cropping calendar and the maximum root depth for each type of crop, were taken constant over the whole period of analysis. Second, the annual variation of the initial soil water content for each crop (at the beginning of the growing season) in each grid cell was not taken into consideration. Third, we assumed, per crop, that the changes in cropping area over the study period only happened in grid cells where a harvested area for that crop existed around the year 2000 according to the database used (Monfreda et al., 2008; Portmann et al., 2010) . Fourth, in estimating WFs of crop consumption, the spatial variation of per capita crop consumption levels (e.g. urban vs. rural) was ignored due to lack of data. Finally, the specific trade flows between crop surplus and crop deficit regions were estimated assuming static multi-regional inputeoutput tables as explained in the method section.
The various assumptions that have been taken by lack of more accurate data translate to uncertainties in the results. The assumptions on harvest indexes and maximum root depths mainly affect the magnitude of modelled crop yield levels; the effect of uncertainties in these model parameters has been minimized by the fact that we calibrated the simulated yields in order to match provincial yield statistics. Regarding assumed cropping calendars and initial soil water content values, a detailed sensitivity analysis to these two variables has been carried out by Zhuo et al. (2014) for the Yellow River basin, the core of Chinese crop production, and by Tuninetti et al. (2015) at global level. By varying the crop planting date by ±30 days, Zhuo et al. (2014) found that the consumptive WF of crops generally decreased by less than 10% with late planting date due to decreased crop ET and that crop yields hardly changed. By changing the initial soil water content by ±1 mm m
À1
, Tuninetti et al. (2015) showed that an increment in the initial soil water content resulted in decreases in consumptive WF due to higher yield. Again, the effects on yield simulations were diminished by calibration to fit yield statistics. Since none of the factors mentioned can influence the order of magnitude of the outcomes, the broad conclusions with respect to declining WFs of crops (m 3 t
), declining WFs per capita (m 3 y À1 cap À1 ), increasing total WFs of consumption and production (m 3 y À1 ) and the reversing of the VW flow between South and North China, are solid. The volumetric WF as applied in the current study appears to be useful to understand (spatial and temporal variability of) water usage for different crops, inter-regional virtual water flows and water dependences between regions. For the purpose of life cycle assessment studies for products, it has been suggested that a waterscarcity weighted water footprint metric would be better to understand potential local environmental impacts of water use (Ridoutt and Pfister, 2010) , an approach recently adopted by ISO (Boulay et al., 2013; Manzardo et al., 2016) , but the two methods differ in terms of objective and scope (Gu et al., 2014) . In the current study we show that WFA focusses on understanding both blue and green water usage and virtual water flows rather than potential local environmental impacts of blue water use. As shown in Zhuo et al. (2016) , volumetric blue WFs can be put in the context of local water availability in order to assess water scarcity and thus potential environmental impacts of water use as well, the focus area of LCA studies.
Conclusions
For China as a whole, even though the per capita consumption of considered crops grew by a factor of 1.4 over the study period, China's average WF per capita (m 3 cap À1 y
À1
) related to crop consumption decreased by 23%, owing to improved yields. Due to the population growth (37%), the total consumptive WF (m 3 y À1 ) of Chinese crop consumption increased by 6%, with a tripled net VW import as a result of importing crops from other countries. The production of the 22 crops considered doubled, while the harvested area increased only marginally (4%). The increased crop yields in China have led to significant reductions in the WF of crops (e.g. halving the WF per tonne of cereals), resulting in a slight increase (7%) in the total consumptive WF of crop production. About 28% of total consumptive water use in crop fields in China serves the production of crops for export to other regions. About 35% of the crop-related WF of a Chinese consumer is outside its own province. By 2000, the North has become net VW exporter through crops to the South. This is in line with the findings in earlier studies (e.g. Ma et al., 2006; Cao et al., 2011; Dalin et al., 2014 ), but we add the nuance that the North-South VW flow concerns green water. There is still a blue VW flow from the South to the North, although this flow more than halved over the study period. If these trends continue, this will put an increasing pressure on the North's already limited water resources. The on-going SouthNorth Water Transfer Project (SNWTP) may alleviate this pressure to a certain extent, but might be insufficient (Barnett et al., 2015) . The Middle Route of the South-North Water Transfer project, which is operational since late 2014, is transferring 3 billion m 3 of blue water per year to support agriculture, with the aim to increase irrigated land by 0.6 million ha in the drier North (SCPRC, 2014) . The Government's plan to expand irrigated agriculture by using the transferred water for irrigation will stimulate crop export from the North and thus further increase the blue VW transfer from North to South. The blue water supply through the SNWTP will thus not significantly reduce the pressure on water resources in the North, but rather support agricultural expansion. Efforts to reduce water demand will be needed to address the growing water problems in China.
Crop yield improvements have led to a drop in the WF of crops (m 3 t À1 ), but further reduction in the WF is possible. Setting WF benchmark values for the different crops, taking into account the agro-ecological conditions of the different regions, formulating targets to reduce the WFs of crops to benchmark levels and making proper investments to reach these targets will be important steps toward further reduction of the WF (Hoekstra, 2013) . As the economy grows, the per capita consumption of water-intensive goods such as animal products and oil crops will increase, putting further pressure on China's already scarce water resources (Liu and Savenije, 2008) . Thus, efforts are necessary to influence the food preferences of the population in order to curb the increasing consumption of meat, dairy and water-intensive crops, which is useful from a health perspective as well (Du et al., 2004) .
The case of China shows that domestic trade, as governed by economics and governmental policies rather than by regional differences in water endowments, determines inter-regional water dependencies and may worsen rather than relieve the water scarcity in a country.
